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Nano Res. 2017, 10(12) : [4327] [4328] [4329] [4330] [4331] [4332] [4333] [4334] [4335] [4336] long as the active surface sites for the oxygen reduction reaction (ORR) and deposition sites for Li 2 O 2 are available. Recharging the cell is expected to decompose Li 2 O 2 through the oxygen evolution reaction (OER) to release O 2 and Li + and, therefore, recover the active sites and pores on the cathode.
Despite the significant progress that has been achieved recently, the Li-O 2 battery is still in its infancy. There is no doubt that significant improvements in the cell performance are urgently needed to realize the high theoretical energy densities and practical applications of this technology, with the development of stable electrolytes [9] [10] [11] [12] [13] to suppress the side reactions, and the improvement of the cathode performance by tuning its catalytic composition [14] [15] [16] [17] [18] [19] [20] and microstructure [21] [22] [23] [24] [25] [26] being at the top of the list . It has been shown that the poor performance of the current Li-O 2 cell, including the low power output (low current density), poor cyclability, and low energy efficiency (large overpotential), are caused by the materials employed and the system design. Beyond that, studies on the mechanism and the underlying electrochemical reactions, which have not been investigated in detail yet, could enable a better understanding and design of the Li-O 2 cell.
In 2011, Mitchell et al. reported a Li-O 2 cell using binder-free hollow carbon fibers as the cathode material [27] , which exhibited an exceptionally high discharge capacity of 7,200 mAh/g due to the low carbon packing, the highly efficient utilization of the available carbon mass, and void volume for Li 2 O 2 formation. With such a unique carbon fiber structure, the toroid-shaped Li 2 O 2 was first reported as the discharge products, representing a critical step toward understanding the key processes that limit the rate capability and lower the round-trip efficiencies of the Li-O 2 batteries. The direct evidence using high-resolution transmission electron microscopy (HR-TEM) along with electron diffraction pattern studies on a single toroid, as reported by Lu et al. [21] , confirms the presence of Li 2 O 2 in the toroids. Findings on the toroidal morphology of Li 2 O 2 are interesting since a very non-uniform surface coverage is obtained. Such a non-uniform coverage is beneficial for increasing the discharge capacity of the cell due to the easier diffusion of oxygen during the latter stages of the discharge. Therefore, understanding and controlling the nucleation and morphological evolution of Li 2 O 2 particles upon discharge is the key factor to engineering air electrode structures that can provide high energy and power density in the reversible Li-O 2 cell, along with a long cycle life.
The morphological transition of Li 2 O 2 from singlecrystalline discs to complex toroid-like particles during the cell discharge has been studied in a nanostructured carbon electrode with a high surface area [28] . Such a morphological transition in Li 2 O 2 growth is found to be rate dependent, and follows a vibrational model of electrochemical kinetics. According to this model, the transition starts in the first monolayer of Li 2 O 2 , which is later followed by the transformation of particle to film if the applied current exceeds the exchange current for the oxygen reduction reaction in the Li-O 2 cell. The mechanism or underlying reasons for the evolution of Li 2 O 2 morphology are, however, still not well understood. In particular, the effect, if any, of the surface structure of the air cathode on the morphology of the grown Li 2 O 2 is still not clear, nor is the effect of Li 2 O 2 formation on the mass and charge transport in the air cathode. In order to clarify this, we present here a systematic experimental and theoretical modeling study on the evolution of Li 2 O 2 morphology at different stages of the discharge-charge cycle in a Li-O 2 cell. For the first time ever, we are able to demonstrate that a sustainable mass transport of diffusive active species (e.g., O 2 and Li + ) and the underlying evolving interfaces are critical to obtain the desirable oxygen reduction (discharge) and evolution (charge) reactions in the porous carbon electrode of a Li-O 2 cell.
Results and discussion
To suitably monitor the evolution of Li 2 O 2 , i.e., the discharge product, morphology during discharge, we fabricated Li-O 2 cells with special care to minimize variations in the cell construction since variations in the cathode weight, temperature, moisture, and electrolyte wetting can lead to significant changes in the cell performance. Details of the approach and the testing methods used in this study are described in the Method section. Briefly, Swagelok-type cells consisting of a Li-foil anode and a graphitized carbon cathode with 20% polyvinylidene fluoride (PVDF) Nano Res. 2017, 10(12): 4327-4336 binder were tested in an O 2 atmosphere with a MACCOR cycler [29] . TEGDME 1 M LiCF 3 SO 3 was selected as the electrolyte since it was demonstrated to be relatively stable towards the discharge product Li 2 O 2 , during the discharge reaction [13, 30] . The cells were discharged to different specific capacities with a constant current density, and subsequently subjected to scanning electron microscopy (SEM) observation. Figure 1 (a) depicts the voltage profiles as functions of the discharge capacity. The initial discharge reaction takes place at ~ 2.65 V. Upon increasing the capacity, the discharge voltage at the latter stages slightly dropped down to 2.5 V, as shown in the voltage profile for the cells with a capacity of over 1,200 mAh/g carbon .
Figures 2(a), 2(c), 2(e), and 2(g) show the SEM images of post-discharge cathodes at 400, 600, 1,200, and 1,800 mAh/g carbon , respectively; the corresponding voltage profiles are shown in Fig. 1(a) . Typically, a short discharge process (400 mAh/g carbon , Fig. 2(a) ) only yields small spherical nanoparticles decorated on the porous carbon surface. Scattered toroid-like particles start to appear on the cathode at a discharge capacity of 600 mAh/g carbon ( Fig. 2(c) ). The size and quantity of these toroid-like particles significantly increase upon prolonging the discharge depth to 1,200 mAh/g carbon , as shown in Fig. 2(e) . When the cell is further discharged to 2.2 V with a capacity greater than 1,800 mAh/g carbon , the carbon cathode is completely covered by the toroids with a significantly increased particle size ( Fig. 2(g) ).
In addition, the SEM images of the post-charge cathodes at 400, 600, 1,200, and 1,800 mAh/g carbon shown in the Figs. 2(b), 2(d), 2(f), and 2(h), respectively, indicate that at low capacities, the Li 2 O 2 toroids formed during the discharge completely decomposed at the end of the following charge process. However, the decomposition of the toroid-like Li 2 O 2 is not complete once the capacity reaches 1,800 mAh/g carbon .
High-energy X-ray diffraction (HE-XRD) patterns of the cathodes harvested at different discharge depths are presented in Fig. 1(b) . It is evident that Li 2 O 2 is the main discharge product. Neither Li 2 CO 3 nor LiOH is detected in any of the discharged samples, indicating that the TEGDME 1 M LiCF 3 SO 3 electrolyte did not decompose, and is relatively stable towards the oxygen reduced species. The intensity of the peaks increased when the capacity increased (pattern 1-5, Fig. 1(b) ), implying a growth of the discharge product Li 2 O 2 . It is also interesting to note that there is a bump in the discharge voltage profile between 300 and 700 mAh/g carbon in Fig. 1 (a) when the Li 2 O 2 nanoparticles start to form toroid-like morphologies (as seen in the SEM image in Fig. 2(c) ). This small bump usually indicates the reduction in the free energy of the discharge process, which may indicate that the growth of the toroid-like Li 2 O 2 is a self-assembly process. However, the self-assembly assumption needs more evidence and intensive study.
The above results clearly show that the depth of the discharge leads to the multifarious morphologies and particle sizes of the discharge product Li 2 O 2 . Such differences have a significant impact on the subsequent charge process. To ensure a full recovery of the discharged product, we employed an equal capacity charging procedure, in which the cutoff charging condition is specified such that the charge capacity matches the previous discharge capacity. The charge voltage profiles as functions of the discharge capacity are shown in Fig. 3 . The charge potentials are generally found to be larger than 4 V because no catalyst is used in the present study, and this result is consistent with the previously reported data. This large charge overpotential, which exists even at a very low current density, is mainly related to the nature of the discharge product Li 2 O 2 . In addition to that, an extra overpotential has been observed (marked as II in Fig. 3 ), which gradually increases as a function of the discharge capacity. Considering that the only variable parameter in the cell test is the depth of discharge, this part of the charge overpotential (Part II) is attributed to the change in the morphology and Figure 3 The voltage profile as a function of the discharge capacity, at a constant current density of 100 mA/g carbon .
the particle size of Li 2 O 2 . As the quantity and the size of the toroid-like Li 2 O 2 particles increase with the depth of discharge, extra energy may be required to decompose them during the subsequent charge process, thus leading to larger charge overpotentials. Furthermore, the continuous accumulation of Li 2 O 2 particles on the cathode surface will likely cause a significant increase in the cathode impedance due to the poor electrical conductivity of Li 2 O 2 , and this can also contribute to the observed larger charge overpotential. To better understand the relationship between the charge overpotential and the change in the morphology and particle size of Li 2 O 2 , an in situ electrochemical impedance spectroscopy (EIS) analysis was carried out and the results will be discussed in detail later in this section.
SEM images of the discharged cathodes after the 1st, 2nd, and 10th discharge cycles, with the capacity controlled at 800 mAh/g carbon, are shown in Figs. 4(b)-4(d) . They indicate that the discharge products on the carbon cathode appear to be toroid particles and it seems that the particle size and quantity increase with the cycle number. Since the oxygen evolution reaction cannot fully decompose the Li 2 O 2 toroid produced in the long discharge process, we can hypothesize the following discharge process. New products crystallize on the grains left over from the previous charge process, which work as the "core" of a new toroid. The size of the core increases with each incomplete charge, leading to an increase in the size Nano Res. 2017, 10(12): 4327-4336 of the toroids until they clog the carbon pore and bring a sudden death to the cell [31] .
Because of the poor electrical conductivity of Li 2 O 2 , it is possible to detect the accumulation of the Li 2 O 2 particles by EIS. The impedance measurements were taken every 2 h (i.e., 200 mAh/g carbon ) in a 1,200 mAh/g carbon capacity-controlled cycle. The Nyquist plots suggest that the cell impedance increases gradually with an increase in the discharge capacity ( Fig. 5(a) ) and the cycle number (Fig. 5(b) ). Apparently, the diameter of the semicircle has the lowest value for the initial carbon electrode, suggesting that the effective resistance of the cell is at its lowest value before the cell is subjected to a discharge process. Initially, the diameter of the arc is ~200 Ω and is found to be similar to previously reported values [32] . The resistance trebled to ~600 Ω after discharging for 12 h. Relative to the small resistance of the Li-metal anode [33] , the gradually increasing impedance is most probably due to the accumulation of the insulating product Li 2 O 2 on the cathode. The decrease upon charge agrees with the decomposition of Li 2 O 2 during the charge process. Furthermore, the impedance after charging for 12 h is still larger than the initial value. It corresponds with the incomplete decomposition of Li 2 O 2 , as shown in Fig. 2(f) . As mentioned earlier in the discussion, the leftover grains (refer to the SEM images in Fig. 4) would also affect the subsequent cycles. This is reflected in the Nyquist plot, where the impedance increases along with the cycle number (Fig. 5(b) ).
To interpret the impedance plots, the impedance data is fit with the equivalent circuits (Fig. 5(c) ), which is by far the most popular approach to model impedance data and is considered to be very effective for correlating the results. In the equivalent circuit, the Warburg element R W is inversely proportional to the gas diffusion, the charge transfer resistance R CT is determined by the rate of reaction, the resistance R SEI stands for all the solid-electrolyte interphase (SEI), and R e is the resistance of the electrolyte. From the model, it is observed that the electrolyte (R e ) and SEI (R SEI ) only contribute a little to the impedance. The variation in R e can be attributed to the decomposition of the electrolyte, which is one of the biggest challenges in Li-O 2 batteries. The value of R W increases upon discharge and decreases upon charge indicating that the O 2 diffusion is reduced during discharge and elevated during charge. The R CT values show a similar trend which means that the reaction rate is also reduced during discharge and is increased during charge. In the first cycle, R W maintains a small value, meaning that O 2 diffused without any hindrance. It ensures that the desirable reactions occur, and this assurance is represented by the obvious variation in the R CT . At the end of the discharge, the insoluble product, Li 2 O 2 , partly clogs the pores on the cathode and prevents O 2 from diffusing freely, and reduces the reaction rate. However, in the 5th cycle, R W increased significantly during the early stages of the discharge, and became a dominant factor affecting the impedance. Consistent with the SEM images of the cathodes, the porosity of the electrode decreases significantly, because of the increasing quantity of Li 2 O 2 that further reduces the desirable reactions. Note that there is only a slight variation in R CT , which probably suggests that the main reaction at this stage is not the ideal one between Li + and O 2 , but the decomposition of the electrolyte which is almost irrelevant to the O 2 diffusion.
To understand the possible mechanism and the primary features of these impedance results, we turn to our analysis in atomistic modeling based on ab initio molecular dynamics (AIMD) calculations. In general, we found that the basic experimental findings are supported by the AIMD simulation. To represent the Li ions and O 2 transport variation, and the reduction of these reactive species during the discharge process, the time-evolution of these processes is simulated based on AIMD. The local structure of the porous carbon electrode is shown in Fig. 6 , with tunnel-like pores of ~8 Å and a length of ~14 Å within the sp2-bond carbon networks. Prior to the discharge process, the pore is empty and an O 2 molecule and two Li + (i.e., a Li 2 O 2 stoichiometric unit) are randomly placed within the pore. During the thermal equilibration at T = 300 K, both the Li + ions and the O 2 molecule are found to behave quite similarly; their random motion is governed by thermally activated self-diffusion of the reactive species. Prior to the formation of Li 2 O 2 , the mean square displacements (MSD) of both the O 2 and Li + trajectories are found to be nearly linearly time-dependent and proportional to the diffusion constant of each species (i.e., <ri2(t)> ~ Dit). As shown in Fig. 6(a) , this linear MSD behavior is reflected nearly isotropically in the x-, y-, and z-directions. However, as the discharge process proceeds and when Li 2 O 2 is formed (as more Li + and O 2 units are placed within the pore), the motion of these reactive species becomes restricted once the chemical bonds are formed among the constituent species (Fig. 6) . Instead of the initial random movement, the newly added O 2 molecules are found to be significantly less mobile (i.e., MSD is ~ 6-7 times lesser than that in the discharge process, as shown in Fig. 6(a) ) when [Li 2 O 2 ] 14 units are formed within the pores (Fig. 6(b) ) with an atomic density of ~ 1.9 g/cm 3 . Thus we expect that further reduction of the reactive species will be thermodynamically unfavorable once the density of the Li 2 O 2 formed within the pore approaches the atomic density of the Li 2 O 2 bulk, i.e., ~2.3 g/cm 3 . AIMD results of slow O 2 diffusion during the Li 2 O 2 formation in the pore are consistent with the sharp increase at the end of the discharge process, which is attributed to complete choking of the carbon; this prevents further O 2 reduction, analogous to the increase in the Warburg resistance (R W ) that is related to the diffusion resistance of mass transport within the cathode (Fig. 5) . Besides causing the clogging of the pores during the Li 2 O 2 formation in the pore, the continuous accumulation of the reduced reactive species of Li + and O 2 on the interfaces of the micropores of the carbon electrode also affects the charge transfer process that dictates the ORR during the discharge process. According to the density functional theory (DFT) calculations, a continuous accumulation of reduced Li + /O 2 within the pore where Li 2 O 2 units are formed can hinder the charge transfer process at the carbon electrode interface. The [Li 2 O 2 ] n aggregates will become insulating-like in electronic properties when approaching the bulk of the Li 2 O 2 , as the discharge process proceeds. As shown by the electronic density of states (DOS) in Fig. 7(a) , the initial interface of the pore is metallic and is dominated by the carbon atoms. Prior to ORR during the discharge process, the DOS of the diffusive O 2 molecule is discrete-like as expected, in contrast to the relatively broadened DOS of reduced O 2 species (Fig. 7) . As the discharge process proceeds with the continuous accumulation of Li 2 O 2 on the carbon interfaces, the insulating-like Li 2 O 2 DOS dominates the DOS at the Fermi-level of the system as shown in Fig. 7(b) . Therefore we expect that as the Li 2 O 2 bulk is ultimately formed within the pore, the electronic conduction channels within the system will be blocked if the insulating-like Li 2 O 2 -bulk feature dominated the system at the Fermi-level, analogous to the increase in the charge transfer resistance (R CT ) during discharge, as we observed in our experiments (Fig. 6 ). We believe this can be attributed to the smaller electronic and ionic conducting paths in the carbon electrode when the Li 2 O 2 insulating layers passivate the carbon interfaces. 
Conclusions
The changes in the morphology and quantity of Li 2 O 2 on a porous carbon cathode have been investigated at different stages of discharge and charge in an aprotic Li-O 2 battery, using SEM and HE-XRD. The results indicated that Li 2 O 2 is the main discharge product. No by-products, such as Li 2 CO 3 and LiOH, were obtained, indicating that the electrolyte did not decompose during the cycling. It was also clear that the morphology and particle size of the discharge product change significantly as a function of the depth of the discharge as well as the cycle number. The impedance spectroscopy showed a gradual increase in the resistance with an increase in the depth of discharge, which might be an indication of the build-up of an insulation layer of Li 2 
Method

Battery assembly and electrochemical tests
For the cathode electrode of the cells tested in this work, carbon black (80 wt.%) and polyvinylidene fluoride (PVDF, 20 wt.%) were mixed in a 1-methyl-2-pyrrolidinone (NMP, Aldrich) solution, and the slurry was coated on a gas-diffusion layer (TGP-H-030 carbon paper, Torray). The coated electrodes were dried at 100 °C for 12 h in vacuum. The carbon black loading on each electrode is 1.0 ± 0.2 mg. The electrolyte is a solution of LiCF 3 SO 3 (Aldrich) in a tetraethylene glycol dimethyl ether (TEGDME), with the final concentration being 1 mol/L (1 M). Electrochemical measurements were conducted with a MACCOR cycler under a constant current density of 100 mA/g carbon in the voltage range of 2.2-4.5 V. We normalized the observed capacity by the weight of carbon for comparison. Impedance was measured with an EG&G 273A potentiostat and a Solartron SI1260 Frequency Response Analyzer. The measurement was taken every 2 h during the electrochemical cycle, with the frequency ranging from 0.1 Hz to 1 MHz.
Characterization
Field-emission scanning microscopy (FESEM, Hitachi S-4700) was used to observe the morphology and size of the products. The ultra-high resolution mode was selected for the examination, with the accelerating voltage (V acc ) and the emission current (I e ) set at 5.0 kV 10 μA, respectively. The samples were protected from exposure to the air during their transfer to the SEM chamber by a conductive tape applied in the glove box. X-ray diffraction (XRD) was also used to analyze the products. The instrument was operated at the 11-ID-C beamline of the Advanced Photon Source (APS), with the X-ray wavelength 0.10804 Å. The samples were sealed up with a Kapton tape in the glove box. The XRD 2-dimensional patterns were collected in the transmission mode using a PerkinElmer large area detector, and transformed to 1-dimensional patterns (intensity vs. 2θ) by integration with the FIT2D software.
Simulations
All the DFT simulations (AIMD, geometry optimizations, and energy calculations) were carried out based on the plane wave basis functions as implemented in the VASP code. All the calculations were spin-polarized and carried out using the gradient corrected exchangecorrelation functional of Perdew, Burke and Ernzerhof (PBE) under the projector augmented wave (PAW) method, with the plane wave basis sets up to a kinetic energy cutoff of 400 eV. The PAW method was used to represent the interaction between the core and valence electrons, and the Kohn-Sham valence states (2s for Li, 2s2p for O, 2s2p for C) are expanded in plane wave basis sets up to a kinetic energy cutoff of 400 eV. The convergence criterion of the total energy was set to be within 1 × 10 −4 eV with a single K-point grid (Γ-point), and all the geometries were optimized Nano Res. 2017, 10(12): 4327-4336 until the residual forces became less than 1 × 10 −2 eV/Ǻ. For AIMD simulations, the time step of 1.0 fs is used with a Nóse-Hoover (NVT) Thermostat. All of the systems studied are thermally equilibrated at T = 300 K, prior to the production run.
